Objective: To examine the association of body mass index (BMI) and metabolic status with cognitive function and decline.
Although obesity is typically accompanied by unfavorable metabolic profiles, such as high glucose, adverse lipid levels, and elevated blood pressure, this is not always the case. Recent attempts to capture this heterogeneity include concepts such as metabolically healthy obesity (MHO), used to describe individuals with a BMI Ն30 kg/m 2 combined with an otherwise healthy metabolic profile. 12, 13 Although there is considerable evidence to show adverse effects of obesity on health, 14 -16 research suggests that the MHO phenotype is not associated with increased risk of cardiovascular disease. [17] [18] [19] However, the evidence is far from conclusive, 20 -22 and little is known about the impact of MHO on cognitive function.
The objective of the present study was to examine the association between midlife obesity phenotypes, including MHO, and cognitive function in early old age. We also assess associations with cognitive decline, based on 3 assessments over 10 years. A standardized definition was used to categorize individuals based on their BMI and metabolic profile using data on dyslipidemia, hypertension, and hyperglycemia. 20 METHODS Participants. Data are drawn from the Whitehall II cohort, established in 1985 among 10,308 (67% men) British civil servants. 23 All civil servants aged 35-55 years in 20 London-based departments were invited to participate by letter, and 73% agreed. The study design consists of a clinical examination, carried out by a trained team of nurses in facilities specially hired for this purpose, approximately every 5 years: 1985-1988, 1991-1993, 1997-1999, 2002-2004, and 2007-2009 . Standard protocol approvals, registrations, and patient consents. All participants provided written informed consent, and the University College London ethics committee approved this study. (assessed 1991-1993) . Weight was measured to the nearest 0.1 kg with participants in underwear on Soehnle electronic scales with digital readout (Leifheit AS, Nassau, Germany). Height was measured to the nearest 1 mm with participants in bare feet using a stadiometer with the participant standing erect with head in the Frankfurt plane. Reproducibility (intraclass correlation) of the weight and height measurements over 1 month, undertaken on 331 participants, was 0.99. BMI (weight in kilograms/height in meters squared) was categorized using the World Health Organization classification 24 : Ͻ18.5 kg/ m 2 , underweight; 18.5-24.99 kg/m 2 , normal weight; 25-29.99 kg/m 2 , overweight; and Ն30 kg/m 2 , obese, with the Ͻ18.5 kg/m 2 category (n ϭ 80) removed from the analysis.
Measurements. BMI
Metabolic status (assessed 1991-1993). We used standard operating protocols to measure the various components to define metabolic status. Blood pressure was the mean of 2 measures using a Hawksley random-zero sphygmomanometer (Lynjay Services Ltd., Worthing, UK). Venous blood was taken in the fasting state or at least 5 hours after a light, fat-free breakfast. Serum for lipid analyses was refrigerated at Ϫ4°C and assayed within 72 hours. High-density lipoprotein (HDL) cholesterol was measured by precipitating non-HDL cholesterol with dextran sulfate-magnesium chloride using a centrifuge and measuring cholesterol in the supernatant. Serum triglyceride was determined by an enzymatic colorimetric method (glycerol phosphate oxidase-phenol ϩ aminophenazone). Fasting blood glucose was measured using the glucose oxidase method 25 on a YSI model 2300 StatPlus Analyzer (YSI Corporation, Yellow Springs, OH) (mean coefficient of variation 2.9%-3.3%). Medication data (antihypertensive drugs, lipid-lowering drugs, and medication for diabetes) were coded using the British National Formulary.
The definition of metabolic abnormality was 2 or more of the following components 20 : 1) triglycerides Ն1.69 mmol/L or lipid-lowering drugs, 2) systolic blood pressure Ն130 mm Hg, diastolic blood pressure Ն85 mm Hg, or antihypertensive drugs, 3) glucose Ն5.6 mmol/L or medications for diabetes, and 4) HDL cholesterol Ͻ1.04 mmol/L for men and Ͻ1.29 mmol/L for women. We used this definition along with data on BMI to create 6 categories: normal weight-metabolically normal, overweight-metabolically normal, obese-metabolically normal, normal weight-metabolically abnormal, overweight-metabolically abnormal, and obese-metabolically abnormal.
Covariates (assessed 1991-1993). Included were age, sex, and education, the highest qualification on leaving full-time education and categorized as lower secondary school or less, higher secondary school (usually achieved at age 18), university, or higher degree.
Cognitive function (assessed 1997-1999, 2002-2004, and 2007-2009 ). Cognitive testing was introduced to the study in 1997-1999 and undertaken on all participants who consented. The cognitive test battery consists of4standard tasks. First, a timed test (10 minutes) of reasoning, the Alice Heim 4-I, composed of a series of 65 verbal and mathematical reasoning items of increasing difficulty is given 26 Second, a 20-word free recall test to test short-term verbal memory is used. In addition,2measures of verbal fluency, 27 phonemic and semantic, are combined in the analysis. Subjects were asked to recall in writing in 1 minute for each test as many words beginning with S (phonemic fluency) and as many animal names (semantic fluency) as they could. Besides these 3 scores (memory, reasoning, and verbal fluency), a global cognitive score was created using all the tests described above by first standardizing the raw scores on each test to z scores (mean 0; SD 1). The z scores were then averaged to yield the global cognitive score. In the longitudinal analysis, the standardization to the z score was performed using the mean and SD from 1997-1999. Previous research has used global scores constructed in this manner to minimize problems due to measurement error on the individual tests. 28 Statistical analysis. All analyses were conducted using STATA 11. Participant characteristics were calculated as percentages or mean (SD), when appropriate, by BMI category. We first examined association of BMI and metabolic status (1991) (1992) (1993) with the first measure of cognitive function, assessed in 1997-1999 and referred to as the baseline (figure e-1 on the Neurology ® Web site at www.neurology.org). In these analyses, we first examined separately the association of BMI categories and each of the 4 components included in the definition of metabolic abnormality with cognition using linear regression. Then, we used the 6 BMI-metabolic status phenotypes to assess the association with cognition using linear regression. All analyses were adjusted for age, sex, and education.
Linear mixed models 29 were used to estimate the longitudinal association of the BMI-metabolic status phenotypes (assessed in 1991-1993) with cognitive decline (3 assessments, 1997-1999, 2002-2004, and 2007-2009 ). Mixed models use all available data over the follow-up, take into account the fact that repeated measures on the same individual are correlated with each other, and can handle missing data. In these analyses both the intercept and the slope (modeled using a linear term) were fitted as random effects, allowing individuals to have different cognitive scores at baseline and different rates of cognitive decline over the follow-up. These models yielded an estimate of mean 10-year decline in cognitive scores and the associated 95% confidence interval (CI) in the 6 BMI-metabolic status groups. These analyses were adjusted for age, sex, and education. The interaction term between gender, time, and the BMI-metabolic status groups suggested similar cognitive decline in men and women (all p values between 0.70 and 0.87), leading us to combine men and women in the analysis. For both the baseline and the longitudinal analysis, we tested for a linear trend as a function of BMI categories in analyses stratified by metabolic status.
RESULTS
Data on BMI and metabolic factors were available in 1991-1993 for 7,793 participants (figure e-1). Compared with the excluded individuals, the participants included in the analyses (n ϭ 6,401) 21 .6% had high fasting glucose, 19.1% had low HDL cholesterol, and 31.0% had 2 or more metabolic abnormalities. The most common risk factor combinations were 15.1% with high blood pressure-high triglycerides, 11.8% with high blood pressure-high glucose, 11.7% with low HDL cholesterol-high triglycerides, 9.4% with high blood pressure-low HDL cholesterol, 8.2% with high fasting glucose-high triglycerides, and 4.8% with high glucose-low HDL cholesterol. An adverse metabolic profile, on all 4 markers, was more prevalent in obese participants than in their nonobese counterparts. Of the 582 obese individuals, 60.1% (n ϭ 350) were categorized as being metabolically abnormal. Table 2 presents the baseline associations of BMI categories and metabolic status markers with reasoning, memory, verbal fluency, and global cognition. BMI categories and all components used to define metabolic abnormality, except the fasting glucose component, were associated with cognitive function (separate models were used to derive estimates). Table 3 shows these associations using the 6 BMImetabolic categories; compared with the normal weight-metabolically normal group, all the other 5 groups had poorer global cognitive scores. In the metabolically normal group, there was a graded association between higher BMI and lower cognition as indicated by the tests for trend (all p Ͻ 0.01) (table 3). This was not the case in those who had metabolic abnormalities ( p for trend ranged from 0.42 to 0.74).
We also undertook pairwise comparisons as a function of metabolic status (right-hand column, table 3) by changing the reference category but keeping all 6 groups in the analysis. For global cognition, these analyses show that in the normal weight group cognition was poorer in participants with metabolic abnormalities than in those who were metabolically normal ( p Ͻ 0.001). This was also true for the overweight individuals ( p ϭ 0.02) but not the obese individuals ( p ϭ 0.82). In fact, there were no differences between the metabolically normal and abnormal obese individuals on scores of reasoning ( p ϭ 0.71), memory ( p ϭ 0.30), or verbal fluency ( p ϭ 0.90). Table 4 presents 10-year cognitive decline in the 6 BMI-metabolic status categories. These results show decline in global cognition of approximately 4 ⁄10 SD (Ϫ0.40; 95% CI Ϫ0.42 to Ϫ0.38) in the normal weight-metabolically normal group. Except for global cognition, the rate of decline was mostly similar in all groups, implying that the baseline association (table 3), the relative difference in cognitive scores between these categories, tracks over time. For the global score there was some evidence of greater cognitive decline in the metabolically abnormalobese group compared with the normal weight (both metabolically normal and abnormal) individuals ( p ϭ 0.03, pairwise comparison). The test for trend ( p ϭ 0.03) in the metabolically abnormal group suggested faster cognitive decline with increasing BMI.
DISCUSSION
The present study assessed the association of phenotypes defined using BMI categories and metabolic status with cognitive function and decline. Our results show that cognition at baseline and cognitive decline over the 10-year follow-up were similar in the metabolically normal-obese (or metabolically healthy-obese) and the metabolically abnormal-obese individuals. In the metabolically normal group, lower BMI was associated with better cognition at baseline and similar cognitive decline as a function of BMI, suggesting that baseline differences were maintained but did not increase over time. In the metabolically abnormal group, there were no differences in cognitive performance at baseline as a function of BMI. However, the longitudinal analysis in this group, statistically significant only for the global measure, suggests faster cognitive decline over 10 years with increasing BMI. The results at baseline provide no support for an accumulation of risk arising from the presence of both obesity and metabolic abnormality. Thus, either obesity or metabolic abnormality is sufficient to affect cognition, and these factors seem not to exert additive influences on cognition. The longitudinal analyses appear to suggest some accumulation of risk, with the decline being somewhat greater in individuals with both metabolic abnormalities and obesity. We note that this trend is evident for all tests but statistically significant only for the global cognitive score. Because measurement error is minimized in this type of global score, 28 there appears to be some evidence of accumulation of risk concerning cognitive decline. However, there was no evidence that the metabolically normal obese group had a better cognitive profile than the metabolically abnormal obese group.
In relation to cardiovascular disease, some [17] [18] [19] but not all, previous studies 20 -22 have reported better outcomes for metabolically healthy obese than for metabolically unhealthy obese individuals. Our results show this not to be the case for cognitive function. Some of the attempts to examine obesity phenotypes have constructed 4 groups: normal weight, overweight, obese healthy, and obese unhealthy. 30 However, it is clear from previous results 31 and our data that the normal and overweight groups are not homogeneous in terms of metabolic health. Our results show that among normal-weight and overweight individuals, an adverse metabolic profile was associated with poorer cognitive function. In our sample, 18% of the normal-weight individuals had metabolic abnormalities, a somewhat lower figure than the 21.1% in women and 30.1% in men reported for North American data using slightly different criteria to define metabolic abnormalities. 12 The poorer cognition in the normal weight-metabolically abnormal group in our data cannot be attributed to these individuals having become obese at the end of the followup. BMI data from the end of the follow-up, concurrent with the cognitive testing, showed that a similar proportion of individuals in the normal weight-healthy and normal weight-unhealthy group (1.8% vs 1.6%) had become obese at the end of the follow-up.
Because age is known to modify the association between adiposity and cognitive outcomes, 2,7 we examined this association in individuals whose mean age was 56 years at the start of the cognitive testing. The magnitude of the effect at baseline was important; for example, in metabolically normal individuals, the difference in global cognitive score for obese individuals (0.16 SD, table 3) was comparable to 3.8 years of cognitive decline (the 10-year decline being 0.42 SD in this group, table 4). However, the longitudinal analyses show faster decline as a function of BMI status only in the metabolically abnormal group. The cross-sectional and longitudinal analyses taken together suggest that the effects of BMI and metabolic status persist over time, with some suggestion of a faster decline in those with an adverse BMI and metabolic profile.
There is considerable evidence from single studies and meta-analyses to suggest that obesity in midlife is associated with poorer cognition 9,10 and greater risk of dementia in later life. 1, 2, 5, 6 The extent to which these associations are causal remains unclear. Cognitive reserve, 32 genetic factors, 33 or fetal exposures 34 could also underlie these associations. Because our results were robust to adjustment for education and other markers of reserve such as height and occupation (results not shown), cognitive reserve is an unlikely explanation for our findings. Besides examining the effect of genetic factors and putative fetal exposures, further research also needs to take into account the duration of obesity and metabolic status and perhaps assess cognitive decline over a longer follow-up to allow better understanding of the association between obesity and cognition.
There are several plausible mechanisms underlying the association between obesity and adverse cognitive outcomes. Vascular pathologies (white matter lesions, lacunar infarcts, hypoperfusion, blood vessel inflammation, and cerebrovascular disease) are seen to be the primary mechanism underlying this association. 2 Other possible mechanisms relate to secretions of adipose tissue, leptin, and adiponectin in particular, which affect the aging brain. 2, 6 Previous studies have shown high BMI to be associated with poor performance in multiple cognitive domains. 8, 10, 35 Our results show associations at baseline across the cognitive domains examined.
There is considerable evidence to show adverse effects of obesity on health. 14 -16 As obesity becomes more prevalent (400 million adults were obese in 2005 with the figure projected to rise to more than 700 million by 2015), 36 questions are raised about the ubiquity of its impact on health. The idea of an obesity spectrum suggests that the severity and duration of obesity are important. 37 Recent analysis using data from nearly 900,000 individuals show that each 5 kg/m 2 higher BMI was associated with approximately 30% higher overall mortality. 16 There is also emerging evidence of the effect of duration of obesity, every 2 obese-years increasing mortality risk by 6%. 38 In addition, it is known that early life measures of obesity predict late life measures, which provides evidence of longitudinal stability or tracking. 39 Thus, to estimate the impact of obesity on cognition, the number of years lived with obesity is likely to be important.
The main strengths of this study include the large sample size, comprehensive assessment of cognition, and the 5-year delay between the assessment of the exposure and the first cognitive measure, ruling out, to some extent, reverse causation biases. We used a battery of cognitive tests and present results using the global cognitive score, allowing replication across studies in the future. The most important limitation of the study is that participants of the Whitehall II study are mainly office-based civil servants, not fully representative of the British population because the study does not include the unemployed or individuals in blue collar professions.
In sum, given the rapid increase in obesity levels globally, it is important to estimate its impact on health from a public health point of view. If the concept of MHO holds, then the estimation of the negative impact of obesity on health needs to be revisited. Our data suggest no such heterogeneity in the impact of obesity on cognitive performance in early old age, because obese individuals who are otherwise metabolically healthy have a risk of poor cognition similar to that of their obese metabolically unhealthy counterparts.
